Iron is an essential nutrient for nearly all living organisms, including both hosts and invaders. Proteins such as ferritin regulate the iron levels in a cell, and in the event of a pathogenic invasion, the host can use an iron-withholding mechanism to restrict the availability of this essential nutrient to the invading pathogens. However, pathogens use various strategies to overcome this host defense. In this study, we demonstrated that white spot syndrome virus (WSSV) protein kinase 1 (PK1) interacted with shrimp ferritin in the yeast two-hybrid system. A pulldown assay and 27-MHz quartz crystal microbalance (QCM) analysis confirmed the interaction between PK1 and both ferritin and apoferritin. PK1 did not promote the release of iron ions from ferritin, but it prevented apoferritin from binding ferrous ions. When PK1 was overexpressed in Sf9 cells, the cellular labile iron pool (LIP) levels were elevated significantly. Immunoprecipitation and atomic absorption spectrophotometry (AAS) further showed that the number of iron ions bound by ferritin decreased significantly at 24 h post-WSSV infection. Taken together, these results suggest that PK1 prevents apoferritin from iron loading, and thus stabilizes the cellular LIP levels, and that WSSV uses this novel mechanism to counteract the host cell's iron-withholding defense mechanism.
I
ron is essential for almost all living organisms. In most living cells, the major iron storage protein is ferritin, which acts to modulate the cellular labile iron pool (LIP) and prevents the cell from being damaged by oxidative stress (1, 2) . In vertebrates, ferritin is a spherical protein complex composed of 24 subunits of heavy chains and light chains in various different proportions, and one ferritin complex can bind up to 4,500 iron atoms (3) . In addition to modulating iron storage, ferritin also acts as part of the host's innate immune system by providing an iron-withholding defense mechanism (4). However, pathogens have been shown to use several different strategies to counter this defense. Bacterial, fungal, or protozoan pathogens can extract iron from the host by (i) binding to ferrated transferrin or lactoferrin on the cell surface to extract the iron content, (ii) synthesizing low-molecular-mass siderophores to extract iron from transferrin or ferritin and then ingesting these ferrated siderophores, (iii) lysing erythrocytes and binding and assimilating heme from digested hemoglobin, (iv) assimilating iron from the host LIP, and (v) accelerating ferritin degradation (5) (6) (7) (8) . Viral pathogens, on the other hand, secure a source of iron by interfering with host iron homeostasis. For example, the human cytomegalovirus (HCMV) protein US2 alters the iron homeostasis of the host cell by inducing the proteasomal degradation of HFE, a major histocompatibility complex (MHC) class I-like protein which is involved in iron metabolism (9, 10) . Another example is the adenovirus protein E1A, which suppresses transcription of the ferritin heavy chain either by targeting FER-1, an enhancer element upstream of the ferritin heavy chain gene (11) , or by interfering with the formation of B-box binding factors to reduce cyclic AMP (cAMP) induction (12) .
Recently there have been several reports suggesting that ferritin is directly involved in the innate defenses of crustaceans against pathogens and other stressors. For example, the expression level of the ferritin gene was upregulated in Penaeus japonicus shrimps that are resistant to white spot syndrome virus (WSSV) (13) , while in Fenneropenaeus chinensis, the ferritin gene expression level was elevated not only by WSSV infection but also after treatment with Zn 2ϩ and Cu 2ϩ (14) . The gene expression level of ferritin was also upregulated in WSSV-infected Litopenaeus vannamei and in Penaeus monodon shrimps that were infected with yellow head virus (YHV) (15, 16) . Furthermore, injection of ferritin protein into L. vannamei increased the survival rate in shrimps challenged by WSSV (17) . Until now, however, it has remained unknown how WSSV interacts with host ferritin.
In the present study, we used a yeast two-hybrid experiment to find that shrimp ferritin interacts with WSSV protein kinase 1 (PK1), which is one of the two serine/threonine protein kinases (PK1 and PK2) expressed by this unique DNA virus (accession number AF440570) (18) (19) (20) . pk1 is an early gene that encodes an ϳ87-kDa polypeptide which contains the major conserved subdomains present in eukaryotic protein kinases (18) . Injection of pk1-specific double-stranded RNA (dsRNA) was shown to decrease the cumulative mortality of shrimps after WSSV challenge, leading Kim et al. (21) to suggest that PK1 is essential for WSSV infection. Nevertheless, the role of PK1 in the pathogenesis of WSSV infection remains unknown. Here we used an iron ion binding assay to show that PK1 interferes with apoferritin's ability to incorporate iron. We also showed that overexpression of PK1 in Sf9 cells elevates the level of LIP and that PK1's interaction with ferritin affects host iron homeostasis after WSSV infection.
MATERIALS AND METHODS
Yeast two-hybrid screening for candidate proteins that interact with Lvferritin. To prepare the bait plasmid, the DNA fragment encoding L. vannamei ferritin (Lvferritin) was amplified by PCR using the specific Lvferritin-F-NdeI/Lvferritin-R-BamHI primer set listed in Table 1 . The PCR products were cloned into pGBKT7-1, which is a modified pGBKT7-Rec vector in which the multiple-cloning-site sequence has been replaced by the sequence of pGADT7-Rec (23), together with the GAL4 DNA binding domain (BD). The resulting plasmid, Lvferritin-pGBKT7-1, was then transformed into Saccharomyces cerevisiae strain Y187 (Clontech) to express Lvferritin tagged with c-myc and fused with the BD domain (c-myc-
Lvferritin-BD).
Transformation was performed in an Eppendorf tube containing competent, freshly prepared yeast strain Y187 cells that had been treated with salmon sperm DNA (Invitrogen). The mixture was heat shocked at 45°C for 30 min, after which the cells were collected by centrifugation, resuspended in sterilized double-distilled water (ddH 2 O), and spread on an SD/ϪTrp agar plate.
A prey library containing WSSV proteins fused with the GAL4 activation domain (AD) was constructed using a Matchmaker Library Construction & Screening kit (Clontech) according to the manufacturer's instructions, with some modifications. Library construction was initially based on the 202 WSSV open reading frames (ORFs) in the Taiwan isolate (GenBank accession no. AF440570) that were predicted to encode functional proteins and which were also present in either the China isolate (GenBank accession no. AF332093) or the Thailand isolate (GenBank accession no. AF369029). ORFs with nucleotide sequences longer than 3 kbp were divided into 2 to 4 subfragments.
The WSSV ORF fragments were amplified by two-step PCR. In the first PCR, the WSSV Taiwan isolate genomic DNA was used as a template, and the ORF fragments were amplified with gene-specific primer sets. The PCR products were then used as templates in the second PCR. The forward (AD-F) and reverse (AD-R) primers used in the second PCR were designed to contain the SMARTIII and CDSIII sequences, respectively, which are homologous to sequences in the prey vector, pGADT7-Rec (Clontech). The SMARTIII/CDSIII-containing PCR products were then cotransformed with SmaI-linearized pGADT7-Rec into S. cerevisiae strain AH109 (Clontech) and spread on SD/ϪLeu agar plates to select the transformed clones. The prey DNA inserts were checked with colony PCR, and the clones with recombinant plasmids were transferred into 96-well plates containing SD/ϪLeu medium and then cultured at 30°C. A total of 172 clones were found to contain inserts of the correct size, and these were added to the WSSV AD library.
High-throughput screening was performed by the yeast mating method. First, after the Lvferritin-pGBKT7-1-transformed yeast strain Y187 had grown in 5 ml SD/ϪTrp medium for 16 h at 30°C, an array of 2-l spots of this bait culture was dropped on a yeast extract-peptonedextrose (YPD) agar plate and dried at room temperature. Two microliters of each of the prey cultures in the AD arrays were then dropped on the bait culture spots and again allowed to dry at room temperature. The YPD agar plates were then cultured at 30°C for 24 h to allow the yeast to mate. To select the diploid cells, the yeast colonies that grew on the YPD plates were transferred to SD/ϪLeu/ϪTrp agar plates and incubated at 30°C for 3 days. To further screen the positive clones, the diploid cells were pro- 
gressively transferred to higher-stringency selection medium, first to SD/ ϪLeu/ϪTrp/ϪHis (SD/Ϫ3) agar plates and then to SD/ϪLeu/ϪTrp/ ϪHis/ϪAde/ϩX-␣-gal (SD/Ϫ4/ϩX-␣-gal) agar plates. Meanwhile, for the positive and negative controls, the competent cells were transformed with plasmids supplied by the manufacturer (Clontech) and subjected to the same yeast mating procedures.
The only prey culture that grew successfully on the SD/Ϫ4 plates was WSSV482 (Fig. 1A) , which represents the WSSV pk1 gene. This preliminary result was confirmed by domain swapping using a cotransformationselection procedure. The DNA fragments encoding PK1 and Lvferritin were amplified by PCR using the specific pk1-F-NdeI/pk1-R-EcoRI and Lvferritin-F-NdeI/Lvferritin-R-BamHI primer sets, respectively ( Table  1 ). The resulting PCR products were then cloned into the pGBKT7-1 and pGADT7-Rec vectors, respectively, and the resulting plasmids were named pk1-pGBKT7-1 and Lvferritin-pGADT7-Rec. To cotransform the yeast, equal amounts of bait and prey vectors (pk1-pGBKT7-1 and Lvferritin-pGADT7-Rec) were added to an Eppendorf tube containing freshly prepared competent cells (S. cerevisiae strain AH109). The cells were then heat shocked, collected by centrifugation, and resuspended in sterilized ddH 2 O as described above. The resuspended cells were then spread on an SD/ϪLeu/ϪTrp agar plate. To select the positive clones, the transformed cells that grew on the SD/ϪLeu/ϪTrp medium were then transferred to higher-stringency selection medium, first to an SD/ϪLeu/ϪTrp/ϪHis agar plate and then to an SD/ϪLeu/ϪTrp/ϪHis/ϪAde/ϩX-␣-gal agar plate. To exclude the possibility of autonomous activation, the pk1-pGBKT7-1 and Lvferritin-pGADT7-Rec plasmids were cotransformed with the appropriate empty vectors (i.e., pk1-pGBKT7-1 with pGADT7-Rec and pGBKT7-1 with Lvferritin-pGADT7-Rec). For the positive and negative controls, the competent cells were cotransformed with plasmids supplied by the manufacturer, i.e., pGBKT7-53 (p53) and pGADT7-RecT (simian virus 40 large T antigen) for the positive control and pGBKT7-Lam (human lamin C) and pGADT7-RecT for the negative control. The empty vectors pGBKT7-1 and pGADT7-Rec were also cotransformed into the AH109 cells to serve as another negative control.
Expression and purification of His-PK1, His-ferritin, and His-GST. DNA fragments encoding the full length of WSSV PK1 and L. vannamei ferritin were amplified from the cDNA of WSSV-infected shrimps by using the specific pk1-F-EcoRI/pk1-R-XhoI and Lvferritin-F-BamHI/ Lvferritin-R-NotI primer sets, respectively (Table 1) . Fragments encoding the glutathione S-transferase (GST) protein were amplified from the vector pGEX4T-1 (GE Healthcare) by using the primer set gst-F-EcoRI/gst-R-XhoI (Table 1 ). The amplified fragments were cloned into pET28a(ϩ) (Novagen) to generate recombinant plasmids that were named pk1-pET28a, ferritin-pET28a, and gst-pET28a, respectively. The resulting plasmids were transformed into Escherichia coli strain Rosetta 2 cells. The transformants were inoculated into LB broth and incubated at 37°C for 16 h. The cells were further subcultured in fresh LB medium at a ratio of 1:100 and grown at 37°C until the optical density at 600 nm (OD 600 ) of the culture reached 0.4 to 0.6. Expression of the His-PK1, His-ferritin, and His-GST recombinant proteins was induced by adding IPTG (isopropyl-␤-D-thiogalactopyranoside) to a final concentration of 1 mM, followed by incubation at 15°C for 20 h.
For native His-PK1 and His-GST protein purification, the respective IPTG-induced cells were resuspended in lysis buffer (20 mM Tris base, 300 mM NaCl, 10 mM imidazole, pH 7.0) containing 1 mM phenylmethylsulfonyl fluoride (PMSF). After sonication on ice, the cell debris was removed by centrifugation, and the soluble fraction was passed through a column containing Ni-Sepharose 6 Fast Flow beads (GE Healthcare). The beads were then washed several times with wash buffer 1 (20 mM Tris base, 300 mM NaCl, 50 mM imidazole, pH 7.0) and wash buffer 2 (20 mM Tris base, 300 mM NaCl, 100 mM imidazole, pH 7.0). The recombinant protein was eluted with elution buffer (20 mM Tris base, 300 mM NaCl, 250 mM imidazole, pH 7.0), and the protein concentration was measured by the Bradford method, using protein assay reagent dye (Bio-Rad).
His-ferritin was purified under denaturing conditions. Briefly, the IPTG-induced cells were resuspended with 20 mM Tris-HCl containing 8 M urea (pH 8.0) and disrupted by sonication at room temperature. After removing the cell debris, the soluble fraction was mixed with Talon metalaffinity resin (Clontech Laboratories) and constantly inverted at 25°C for 30 min. To confirm these interactions in a cotransformation domain-swapping experiment, the indicated plasmid constructs were cotransformed into S. cerevisiae strain AH109 and screened with the highest-stringency medium, i.e., SD/ϪLeu/ϪTrp/ ϪHis/ϪAde/ϩX-␣-Gal agar. Growth of cotransformants on this medium was observed only when the yeast was cotransformed with pk1-n-pGBKT7-1/ferritinpGADT7-Rec or with the positive control.
denatured His-ferritin was used as the antigen to raise the anti-Lvferritin antibody in guinea pigs.
Pulldown assays of the interaction between PK1 and ferritin or apoferritin. Ferritin is a highly conserved protein. Since we could not obtain stable recombinant ferritin under nondenaturing conditions, commercial ferritin and apoferritin were used for the following in vitro analyses. The similarity of amino acid sequences between Lvferritin and commercial ferritin and apoferritin was 72%. For each assay, 40 g of His-PK1 or His-GST was mixed with 5 g of ferritin (ferritin from equine spleen; Sigma-Aldrich) or apoferritin (apoferritin from equine spleen; SigmaAldrich) in TN buffer (20 mM Tris base, 300 mM NaCl, pH 7.0) containing 1ϫ protease inhibitor cocktail (Roche Diagnostics) and constantly inverted at 4°C for 16 h. After protein binding, Ni-Sepharose 6 Fast Flow beads were added, and the mixture was constantly inverted for another hour at 4°C. The Sepharose beads were then washed with TN buffer four times. The pulldown products were separated by 15% SDS-PAGE in duplicate, transferred to a Hybond-P membrane (GE Healthcare), and subjected to Western blotting. One duplicate was incubated with anti-horsespleen-ferritin polyclonal antibody (Sigma-Aldrich) and horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG (Santa Cruz Biotechnology) as the primary and secondary antibodies, respectively. The other duplicate was incubated with anti-His monoclonal antibody (Millipore) and HRP-conjugated goat anti-mouse IgG secondary antibody (Santa Cruz Biotechnology). The protein bands were visualized using a chemiluminescence reagent (PerkinElmer) and exposed to Fuji X-ray film.
QCM analysis of the interaction between PK1 and ferritin or apoferritin. To confirm the interaction between PK1 and ferritin or apoferritin, an Affinix Q quartz crystal microbalance (QCM) instrument (Initium Co. Ltd., Tokyo, Japan) was used. Recombinant His-PK1 or His-GST (host protein) was immobilized on the QCM gold electrode in the presence of TN buffer. The excess protein was removed, and the protein-coated electrode in the QCM analysis chamber was covered with fresh TN buffer. When the change in frequency of the quartz crystal resonator had stabilized, commercial ferritin or apoferritin (guest protein) was injected into the QCM analysis chamber. The interaction between host and guest proteins was observed at 25°C.
Effect of PK1 on iron release from ferritin and iron binding to apoferritin. To determine whether PK1 causes iron-containing ferritin to release iron ions, commercial ferritin was incubated with different amounts of recombinant His-PK1 or His-GST protein. Reactions proceeded in TN buffer, with final concentrations of 0.156 M ferritin and 0, 0.1, 0.25, 0.5, 1.0, 1.5, and 2.0 M recombinant protein. The proteins were incubated at 25°C for 1 h and separated in 7.5% native PAGE gels, using the HMW native marker (GE Healthcare) as a standard (440-kDa band for ferritin). The iron-containing ferritin was identified by staining with Ferene S solution (0.75 mM Ferene S, 15 mM thioglycolic acid, and 2% [vol/vol] acetic acid). The same gel was then further stained with Rapid stain (Bioman) to visualize the total ferritin. The signal intensities of the iron-containing ferritin and total ferritin were quantified using the computer software ImageJ (http://imagej.nih.gov/ij/). For each sample, the ratio of iron-containing ferritin to total ferritin was calculated. For each experimental condition, the ratio of the sample containing 0 M recombinant protein was then set to 1.0, with subsequent values being expressed relative to this initial ratio.
To determine whether PK1 affects the iron ion binding activity of apoferritin, reactions proceeded in TN buffer, with final concentrations of 0.156 M apoferritin and 0, 0.1, 0.25, 0.5, 1.0, 1.5, and 2.0 M recombinant protein. After incubation at 25°C for 1 h, ferrous ammonium sulfate (FAS; J. T. Baker) was added to a final concentration of 250 M, and incubation was continued at 25°C for an additional hour. The subsequent procedures were performed as described above.
Effect of PK1 on cellular LIP. A DNA fragment that included the PK1 coding region was amplified using the specific pk1-F-BamHI/pk1-R-NotI primer set listed in Table 1 and cloned into the vector pDHsp/V5-His, which contains the Drosophila heat shock protein 70 promoter (24) . The resulting plasmid was named pk1-pDHsp/V5-His. For transient expression of this plasmid and of the empty vector, pDHsp/V5-His, 7.5 ϫ 10 5 Sf9 cells were seeded in 6-well culture plates before transfection, and an Effectene transfection reagent kit (Qiagen) was used for DNA transfection according to the manufacturer's instructions. The cells were incubated at 27°C for 20 h, heat shocked at 42°C for 30 min to induce the Drosophila Hsp70 promoter to drive the downstream gene, and then incubated at 27°C for another 36 h to express the exogenous protein. To confirm the expression of PK1-V5, cells were collected and subjected to a Western blot assay using anti-V5 antibody (Sigma-Aldrich) and HRP-conjugated goat anti-rabbit IgG secondary antibody to recognize the PK1-V5 protein.
At various time points during the experiment, the LIP levels were evaluated using the fluorometric assay described by Espósito et al. (25) , with some modifications. Briefly, the cells were rinsed once with PBH buffer (20 mM HEPES, 1 mg/ml bovine serum albumin [BSA] in 1ϫ phosphate-buffered saline [PBS], pH 6.39) and incubated with PBH buffer containing 150 nM calcein-acetomethoxy (CA-AM; Invitrogen) at 27°C for 15 min. CA-AM rapidly permeates the plasma membrane, and once inside the cell, it is hydrolyzed to release the acetomethoxyl group and the fluorescent metal chelator calcein (CA). CA's fluorescence is then quenched immediately by intracellular metals, including iron. Excess CA-AM that did not penetrate into the cells was removed by washing once with PBH buffer and then twice with PBS. The cells were then lysed with 1/3ϫ PBS and scraped with a cell scraper. After incubating on ice for 10 min, the cell lysates were centrifuged at 16,000 ϫ g for 10 min at 4°C to remove cell debris, and the protein content of the supernatants was measured by the Bradford method. CA fluorescence intensity (F 0 ) was measured in an enzyme-linked immunosorbent assay (ELISA) reader (Spectra Max; Molecular Devices) by loading 100 l supernatant into a 96-well plate and using a filter combination with an excitation wavelength of 488 nm, an emission wavelength of 518 nm, and a cutoff wavelength of 495 nm. After this initial measurement, a strong iron-specific chelator, 2,2=-bipyridine (BIP; Alfa Aesar), was added to a final concentration of 100 M in order to strip the iron from the chelated CA. The increased CA fluorescence intensity (F 1 ) was then measured in the ELISA reader, using the same filter combination. The change in fluorescence intensity (⌬F ϭ F 1 Ϫ F 0 ) thus represents the amount of iron that was bound to the CA in the cell (26), i.e., the cellular LIP. In the final calculation, the ⌬F value of each sample was normalized against the lysate's protein concentration to eliminate the effects caused by the number of cells. The data are shown as means Ϯ standard deviations (SD). Unpaired Student's t tests were used to check for statistically significant differences (P Ͻ 0.05).
Experimental animals, artificial infection, and sample collection. The Litopenaeus vannamei shrimps (mean body weight, 15 g) used in this study were purchased from the Aquatic Animal Center of National Taiwan Ocean University in Keelung, Taiwan. Before the experiment, the shrimps were reared in a water tank system with a salinity of 32 ppt at 22 to 25°C for 7 days.
The WSSV T-1 isolate (GenBank accession no. AF440570) was used in this study, and the WSSV inoculum stock was prepared as described previously (27) . Experimental inoculum was prepared from the viral stock by 1,000ϫ dilution with cold 1ϫ PBS. For artificial infection, the experimental group was injected with 50 l diluted viral inoculum, while the control group was injected with 50 l PBS by intramuscular injection. Three pooled samples of stomach were collected from each group at different time points (0, 2, 4, 8, 12, and 24 h postinjection), with each pooled sample being taken from 3 shrimps. Samples were stored in liquid nitrogen until use.
Ethics statement. All of the shrimps used in this study were supplied by the Aquatic Animal Center of National Taiwan Ocean University. These animals were specifically raised for research purposes. In Taiwan, no specific permits or permissions were required for use of invertebrate experimental animals. However, all of our experimental procedures, including animal sacrifice, were designed to be as humane as possible, and all animals were treated so as to minimize suffering at all times.
Immunoprecipitation of endogenous ferritin and evaluation of iron ion content.
To immunoprecipitate endogenous ferritin, shrimp stomachs were ground to a fine powder in liquid nitrogen and then suspended in 1/3ϫ PBS containing a protease inhibitor cocktail (Roche Diagnostics). After 10 min of incubation on ice, followed by centrifugation (16,000 ϫ g at 4°C for 10 min), the supernatant (tissue lysate) was collected. The tissue lysate (2 mg) was then incubated with protein A agarose (Invitrogen) at 25°C for 1 h to preclean the lysate, and the precleaned lysate was further incubated with or without anti-Lvferritin antibody coupled with protein A agarose at 25°C for 2 h. After incubation, the complex was washed 5 times with 1/3ϫ PBS. One-sixth of the complex was subjected to Western blotting, and the total ferritin (ferritin plus apoferritin) was recognized with anti-Lvferritin antibody and secondary antibody. The signal intensity of the total ferritin was quantified using the computer software ImageJ. The remaining five-sixths of the complex was further treated with 2% HNO 3 at 65°C for 16 h and filtered with a 0.22-m filter. The iron ion content in the filtrate was then quantified by atomic absorption spectrophotometry (AAS) using a Hitachi Z5000 spectrophotometer. To calculate the amount of iron bound by ferritin, the iron ion content determined by AAS was first normalized against the signal intensity of the total ferritin and then expressed relative to the level of the sample from 0 h postinfection for each group.
To evaluate the total ferritin expression levels during WSSV infection, the tissue lysates described above were also subjected to Western blot assay using the anti-Lvferritin antibody and goat anti-rabbit IgG secondary antibody to detect total ferritin. Beta-actin served as an internal control, and this was detected by using anti-beta-actin antibody and goat anti-mouse IgG secondary antibody. The data are shown as means Ϯ SD, and unpaired Student's t test was performed to test for statistically significant differences (P Ͻ 0.05).
RESULTS

Interaction of WSSV PK1 with L. vannamei ferritin (Lvferritin).
After a high-throughput preliminary screening using the yeast mating method, we found that Lvferritin-BD interacted with WSSV PK1-AD (Fig. 1A) , and a domain-swapping experiment was used to confirm this result. In this experiment, LvferritinpGADT7-Rec was cotransformed with pk1-pGBKT7-1 (pk1-pGBKT7-1/Lvferritin-pGADT7-Rec) into yeast strain AH109, while to rule out autonomous activation, pk1-pGBKT7-1 and Lvferritin-pGADT7-Rec were also cotransformed with the appropriate empty vectors (pk1-pGBKT7-1/pGADT7-Rec and pG-BKT7-1/Lvferritin-pGADT7-Rec). As shown in Fig. 1B , growth was seen only on the high-stringency selection medium (SD/ ϪLeu/ϪTrp/ϪHis/ϪAde/ϩX-␣-Gal) when the yeast was cotransformed with pk1-pGBKT7-1/Lvferritin-pGADT7-Rec or with the positive control. Neither PK1 nor Lvferritin exhibited any autonomous activation.
The yeast two-hybrid results suggest that PK1 interacts with host ferritin and imply that it might therefore play a role in regu- ) of the pulldown products showed that both ferritin and apoferritin interacted with His-PK1 but that neither could be pulled down by His-GST. (Right) The pulldown products were also recognized with anti-His antibody to confirm the presence of His-PK1 or His-GST in these products. (The signal around 34 kDa in the His-PK1 lane was due to a degraded fragment of His-PK1. Even though we used freshly prepared His-PK1, this signal was always present, suggesting that the full-length protein might be unstable.) M, prestained protein marker. lating either the uptake or release of iron. Before investigating these possibilities, we next used two other experimental techniques (i.e., pulldown assay and QCM analysis) to confirm that PK1 interacted not only with ferritin but also with apoferritin.
WSSV PK1 interacts with both ferritin and apoferritin in vitro. Pulldown assays were used to confirm the interactions between PK1 and ferritin and between PK1 and apoferritin. After incubating ferritin or apoferritin with His-tagged PK1 or Histagged GST, the resulting protein complexes were pulled down by Ni-Sepharose beads, separated by SDS-PAGE, and subjected to Western blotting. We found that both ferritin and apoferritin interacted with His-PK1 ( Fig. 2A and B, middle panels) . Neither ferritin nor apoferritin interacted with His-GST.
The interactions between PK1 and ferritin and between PK1 and apoferritin were also confirmed by QCM analysis. When purified His-PK1 was used to coat the electrode of a 27-MHz QCM instrument and either ferritin or apoferritin was injected into the analysis chamber, there was a resulting decrease in frequency over time (Fig. 3A and B, left panels) . Ferritin bound to His-PK1 with a dissociation constant (K d ) of 0.66 M, while for apoferritin, the K d was 1.11 M. Again, neither ferritin nor apoferritin interacted with His-GST (Fig. 3A and B, right panels) .
Prevention of apoferritin iron loading by PK1.
To investigate whether PK1 can regulate the release of iron from ferritin and/or the storage of iron by apoferritin, we conducted two separate assays. In the first assay, we incubated ferritin with His-PK1, and in the second, we preincubated apoferritin with His-PK1 before FAS was added to induce iron loading. The reactants were separated by native PAGE electrophoresis and then stained first with Ferene S, which is a specific stain for iron, and then with Rapid stain solution to detect the total ferritin. It seemed that His-PK1 was no more effective than the His-GST control in promoting the release of iron from ferritin (Fig. 4A, lanes 2 to 8) . Quantification of the signal intensities by the computer software ImageJ indicated that there was no significant difference between His-PK1 and His-GST at any of the tested concentrations (Fig. 4B) .
In contrast, as shown in Fig. 4C , preincubation of apoferritin with His-PK1 prevented binding of the ferrous ion to apoferritin in a dose-dependent manner. Quantification of the signal intensities showed that this effect was statistically significant at His-PK1 concentrations of 0.5 M and above (Fig. 4D) .
Elevation of intracellular LIP by PK1 expression. Since PK1 blocks the binding of free iron ions to apoferritin in vitro (Fig. 4) , we next investigated whether the presence of PK1 affects the level of LIP. This pool consists of the low-molecular-weight transit iron pool and the chelatable iron in the cell, and generally, any increase in LIP levels will stimulate the cell to synthesize ferritin (28) (29) (30) that in turn sequesters the excess free iron to maintain iron homeostasis.
Our experiment showed that overexpression of PK1 in Sf9 cells led to a significantly elevated LIP level 18 h after heat shock and that this elevation continued throughout the experiment, through 56.5 h posttransfection (Fig. 5A) . We also used Western blotting to show the expression of PK1-V5 (Fig. 5B) . These results suggest that PK1 increases LIP by preventing ferritin or apoferritin from binding additional free iron ions.
Reduction of ferritin iron storage after WSSV infection. To investigate whether the iron content of shrimp ferritin is affected by WSSV infection, endogenous ferritin from the stomachs of WSSV-or PBS-injected L. vannamei shrimps was immunoprecipitated using anti-Lvferritin antibody coupled with protein A agarose, and the iron content of the immunoprecipitation products was determined using AAS. Figure 6A shows that shrimp ferritin was immunoprecipitated from the stomach lysates. Since the anti-Lvferritin antibody cannot distinguish ferritin from apoferritin, these Western blots represent the total ferritin, i.e., both ferritin and apoferritin. The ratio of iron to total ferritin was then calculated, the initial value was set to 1.0 for each experimental condition, and the subsequent fluctuations in relative iron ion content are shown in Fig. 6B . Although this ratio fluctuated in both the PBS-injected group and the WSSV-injected group, there was a significant relative decrease in the WSSV group at the time
FIG 4
His-PK1 does not promote iron release from ferritin, but it does prevent iron ions from being incorporated by apoferritin. (A) After ferritin was incubated with the indicated amounts of His-PK1 (top) or His-GST control (bottom), the reactants were separated by 7.5% native PAGE and stained with Ferene S solution and Rapid stain to visualize the iron-containing proteins and the total ferritin, respectively. (B) Signal intensities of the iron-containing ferritin and the total ferritin were quantified using the computer software ImageJ. The signal intensity of the iron-containing ferritin was first normalized against the intensity of total ferritin and then expressed relative to the level of the first sample for each group. (C) Apoferritin was preincubated with the indicated amounts of His-PK1 or His-GST before FAS was added. After an additional 1 h of incubation, the proteins were then separated by 7.5% native PAGE and stained with Ferene S solution and Rapid stain. (D) Signal intensities of iron-containing ferritin and total ferritin were quantified using ImageJ. The signal intensity of the iron-containing ferritin was first normalized against the intensity of total ferritin and then expressed relative to that of the first sample containing both apoferritin and FAS. M, native protein marker containing ferritin, which was stained by the Ferene S solution. Bars represent means Ϯ SD for 3 samples. Unpaired Student's t tests were used to test for statistically significant differences (*, P Ͻ 0.05).
that corresponded to approximately the end of the first WSSV replication cycle, i.e., at 24 h postinjection (Fig. 6B) . Figures 6C and D further show that although the total ferritin protein expression level fluctuated slightly in both the PBS-injected group and the WSSV-injected group, there was no significant difference between these two groups, nor was there any significant change in expression level within either of the respective groups. Taken together, these results suggest that although WSSV infection does not upregulate ferritin expression, it does reduce shrimp ferritin's ability to bind iron ions.
DISCUSSION
In the cell, iron is important for the activity of many cellular proteins (31) , and it is involved in a wide range of physiological reactions (32) (33) (34) (35) (36) . In particular, iron plays a critical role in ribonucleotide reductase (RR) activity (37) (38) (39) , and this activity is essential for the replication of at least some DNA viruses. Thus, when the free iron of cells that were infected by vaccinia virus, herpes simplex virus 1, or another DNA virus was chelated with either mimosine or BIP, the resulting suppression of RR activity led to a decrease of both DNA synthesis and virion assembly (40, 41) . To fight against pathogenic infection, hosts use a similar iron-withholding mechanism whereby the uptake of iron from outside the cell is reduced, while the free iron ions within the cell are sequestered by ferritin (4). This is potentially an effective antiviral defense strategy regardless of whether the RR is encoded by the virus or the host, because the activity of both types of RR depends on the availability of free iron in the LIP. However, invading pathogens have been shown to use several counterstrategies to defeat this mechanism, including the degradation of iron-containing proteins, such as hemoglobin, the expression of proteins that extract iron from transferrin or ferritin, and the degradation of ferritin to release its store of sequestered iron (5, 7) . This is the first study to present evidence that PK1 expressed by the DNA virus WSSV uses a novel mechanism to prevent the host cell's ferritin from sequestering free iron (Fig. 4 to 6 ). The sequestration of iron is used by the host cells both to maintain iron homeostasis and to support the host cells' iron-withholding defense mechanism. By preventing this sequestration, PK1 thus ensures that WSSV RR activity is maintained for the efficient proliferation of the virus in the host shrimp. This process is represented graphically in Fig. 7 .
Ferritin is composed of 24 subunits arranged in 432 octahedral symmetry to form a spherical protein cage. Each ferritin molecule has 6 4-fold channels, 8 3-fold channels, and 12 2-fold channels, with the 3-fold channels being used as the pathways for the influx of iron ions (42) . The diameter of the 3-fold channel is only a few angstroms, and assuming that all of these properties also apply to shrimp ferritin, the PK1 molecule is too large to enter this channel. We therefore hypothesize that PK1 prevents the sequestration of iron by binding to the ferritin at or near the iron entry site (i.e., the 3-fold channel) and interfering with its conformation and/or hydrophilic properties. We further hypothesize that whatever mechanism PK1 uses to block the entry of iron into apoferritin, it also probably uses the same mechanism to block the further influx of iron ions into ferritin.
After transcription, ferritin translation is regulated by the free iron content in the cell via the iron-regulatory proteins (IRPs) and the iron-responsive elements (IREs) in the 5=-untranslated region (5= UTR) of ferritin mRNA (43) . When PK1 prevents the apoferritin from sequestering free iron and thus elevates the labile iron pool, we would therefore expect an increase in ferritin protein expression. However, as shown in Fig. 6C and D, and contrary to our expectations, there was no significant change in ferritin protein expression levels. The reason for this if presently unclear, but it is possible that WSSV somehow acts to inhibit the usual ferritin translation mechanism. This will need to be investigated in a future study.
In most living cells, ferritin is the main iron storage protein, and one of its major functions is to make iron available to the cell. If a cell does not have access to sufficient amounts of iron, this will lead to mitochondrial ultrastructural aberrations and the release of cytochrome c (44) . Meanwhile, by modulating the cellular LIP, ferritin restricts the cytotoxicity of the ferrous ion, Fe(II), which would otherwise generate oxygen radicals, especially the hydroxyl radical (OH · ) (45) . Oxygen radicals are used as part of the host's innate immune system, but while they can kill some kinds of in- vaders, they also raise the cell's oxidative stress and can lead to lipid peroxidation, polysaccharide depolymerization, enzyme inactivation, and, ultimately, cell death. Oxidative stress can also be produced by ferritin dysfunction, suggesting that PK1 will also produce these cellular changes when it suppresses ferritin's ability to control iron homeostasis. Some evidence in support of this comes from a recent paper which shows that WSSV infection not only induces changes in metabolism and an increase in the ADP/ ATP ratio but also, at the late stage of the infection cycle (24 h), induces several changes associated with cell death, including mitochondrial membrane permeabilization (MMP), elevation of oxidative stress, a decrease in glucose consumption, and disruption of energy production (27) .
The peptide sequence of WSSV PK1 contains the major conserved subdomains present in eukaryotic protein kinases (18) , which suggests that this protein should be a functional protein kinase. Although the phosphorylation of ferritin has not been studied widely, Ihara et al. (46) found that ferritin can be phosphorylated in vitro by cAMP-dependent protein kinase, and Rama-Kumar (47) reported that plant ferritin can be phosphorylated by both Ca 2ϩ /CaM-dependent kinases and calcium-independent kinases in vivo. By producing a net negative charge on the The ratio of iron concentration to total ferritin was calculated, and the initial value was set to 1.0 for both the PBS and WSSV injection groups. (C) Stomach tissue lysates prepared from PBS-injected (top) or WSSV-injected (bottom) shrimps were also subjected to Western blot analysis using the anti-Lvferritin antibody or anti-actin antibody to evaluate ferritin expression levels. (D) The ratio of total ferritin to actin was calculated, and the initial value was set to 1.0 for both the PBS and WSSV injection groups. Each bar represents the mean Ϯ SD for 3 samples, where each sample was pooled from 3 shrimps. Unpaired Student's t tests were used to test for statistically significant differences (*, P Ͻ 0.05).
surface of the ferritin, phosphorylation may create putative ionic binding sites for nonferrous metal cations and thus increase ferritin's ability to detoxify heavy metals (47) . We were therefore curious to see whether the protein kinase activity of PK1 might also affect ferritin's iron uptake. Since both ATP and Mg 2ϩ are important for PK1 kinase activity, we first tested the effects of various dosages of ATP and MgCl 2 on apoferritin's ability to incorporate iron. However, we found that even in the absence of PK1, ATP strongly suppressed the iron uptake in a dose-dependent manner (data not shown). If this suppression was due to the formation of an ATP-Fe complex (48) , this would explain why only a few Fe atoms were able to leave this complex to become incorporated into ferritin (49) . In any case, unfortunately, this means that this assay could not be used to investigate how the kinase activity of PK1 might affect the iron uptake of apoferritin. Meanwhile, since the absence of any ATP or MgCl 2 in the experiments done for Fig.  4 has already shown that kinase activity is not essential for PK1 to suppress the iron ion binding activity of apoferritin, it seems likely that WSSV PK1 uses an alternative mechanism-probably direct protein-protein interaction-to alter ferritin's behavior.
